ABSTRACT. This study was performed to anatomically illustrate the living canine hippocampal formation in three-dimensions (3D), and to evaluate its relationship to surrounding brain structures. Three normal beagle dogs were scanned on a MR scanner with inversion recovery segmented 3D gradient echo sequence (known as MP-RAGE: Magnetization Prepared Rapid Gradient Echo). The MRI data was manually segmented and reconstructed into a 3D model using the 3D slicer software tool. From the 3D model, the spatial relationships between hippocampal formation and surrounding structures were evaluated. With the increased spatial resolution and contrast of the MPRAGE, the canine hippocampal formation was easily depicted. The reconstructed 3D image allows easy understanding of the hippocampal contour and demonstrates the structural relationship of the hippocampal formation to surrounding structures in vivo.
The hippocampal formation is located in the medial surface of the temporal lobe, along the floor and medial wall of the temporal horn of the lateral ventricle [1, 2] . The hippocampal formation is shaped like a C [19] . It extends in a curve, starting from the amygdala ventrally in each piriform lobe and progressing caudodorsally and then cranially over the diencephalon [8, 21] . The caudal end of the hippocampal formation tapers under the splenium of the corpus callosum [22] . Dorsal to the caudal thalamus, the hippocampal formation of each cerebral hemisphere meets at the medial plane, and the fornix, the hippocampal commissure, is formed at this region [2, 8] . The hippocampal formation can be divided into three parts: a cranial part, or head, a middle part, or body and a caudal part, or tail [8] . It is again divided into 3 main transverse zones: the dentate gyrus; the hippocampal proper, also called the cornus ammonis (CA); and the subiculum [1, 2, 24] .
Abnormalities of the hippocampal contour and volume play important roles in several functions such as spatial response in dogs [12] and disease including Alzheimer-type dementia [5] , depression [18] , or schizophrenia [17] in human. Structural change of the hippocampal formation has been presented on MR images (MRI) [5, 17] . These have been resulted in increased importance of the precise understanding of the hippocampal anatomy. These also have made three-dimensional (3D) hippocampal structure importance in medical image.
MRI has been the principal method for studying structural brain change in vivo [11] . Normal MR images of canine brain has been described in previous studies [13, 14] . They have only depicted the normal canine brain using a low field strength MRI scanner. In those images, description of the hippocampal formation and the perihippocampal structures were not available. It was because of their small size and ambiguity with the perihippocampal structures and low field strength having decreased signal to noise ratio [11] . There haven't been MRI studies that focused on the hippocampal formation itself. In addition, it is not easy to comprehend 3D relationship among the brain structures on MRI. Currently, the 3D canine hippocampal image is not available. Previously reported data only revealed the limited surface of the canine hippocampal formation in twodimensional (2D) image such that it was not able to fully articulate relationships of the hippocampal formation to surrounding cerebral structures [13, 14, 21] .
There has been no in vivo canine hippocampal formation reconstructed in 3D structure. The aim of the present study is to perform MPRAGE and aquire 2D MR images of the in vivo normal hippocampal formation. Through these images, hippocampal sublayers are identified and reconstructed 3D structure of the normal canine hippocampal formation is obtained. The reconstructed hippocampal formation is superimposed on MR images. It would help in understanding the relationship of the hippocampal formation to other internal structures of the brain.
MATERIALS AND METHODS

Animals:
The MRI scan was performed using 3 healthy beagle dogs ranging from 20 months to 25 months in age. An intact female and two intact males weighting 5-7 kg were used. They had no neurological signs related to brain dysfunctions on clinical exams. There were no remarkable findings on their MR images.
MRI acquisition and analysis: Dogs were scanned on 7T MR unit (Siemens MAGNETOM 7T magnet, German, From the Neuroscience Research Institute, Gachon University of Medicine and Science, Incheon 405-760, Korea) using T1-weighted 3D magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence (Fig. 1) In the present study, shape analysis was performed using the tracing of the left and right hippocampal formation. The 3D images were reconstructed from series of 2D slice-byslice hippocampal segmentation based on previous human studies [6, 12, 19] and an atlas of the canine hippocampal anatomy [2] . The hippocampal proper, dentate gyrus, subiculum, alveus and fimbria were included in the boundary of the hippocampal formation [19] .
First, the MRI data was transferred and reconstructed to produce the sagittal and transverse planar data from dorsal planar data. The 2D data were edited by threshold selection to improve the precision and reliability of the segmentation. The boundaries of the hippocampal formation were manually traced. The dorsal sectional images were mainly used to outline the boundaries of the hippocampal formation. However, because of the ambiguity between the gray matters of the hippocampal head and amygdale and the indistinct definition of the border of the hippocampal tail, the dorsal pane was combined with two other planar sections for tracing. The tracing proceeded dorsal to ventral with dorsal sectional images, cranial to caudal with transverse sectional images and lateral to medial with sagittal sectional images in a sequential method. The traced images of the hippocampal formation were labeled with a specific color. Algorisms were used to smooth noise and sharpen borders of labeled tissue. The labeled 2D slices were then put together automatically through the 3D slicer program to form a volume model of the hippocampal formation (Fig. 2) .
Automatically produced 3D image of the hippocampal formation showed on 3D window. This allowed reconstructed hippocampal formation to be observed from different angles. In addition, because the 3D window can also interact with three vertical sets of 2D plane windows, sectional MR images with different positions could be displayed. And then the relationship of the reconstructed hippocampal formation with surrounding structures was evaluated by superimposing MR images.
RESULTS
MPRAGE images:
The hippocampal structure was obtained through the MPRAGE sequence. Especially, the subcomponent of the hippocampal formation including cornus ammonis, subiculum, alveus and fimbria were resolved. The hippocampal formation resembled a letter S on the dorsal and transverse sectional images, notably on the transverse sectional images. The dentate gyrus was interlocked with the hippocampal proper. The subiculum which had gray matter signal was continuous from the CA4 to the ventromedially. The alveus which showed white matter signal was converged to the fimbria on the dorsal part of the hippocampal formation (Fig. 3) .
The ovoid shape of the hippocampal head was observed more clearly in the transverse sectional images than in the dorsal sectional images. On the transverse sectional images, the hippocampal head was delineated by the cerebrospinal fluid (CSF) in the ventral horn of the lateral ventricle. It was located dorsal to the parahippocampal gyrus and lay adjacent to the amygdala cranially. The hippocampal formation separated from the amygdala by thin layer of white matter, alveus, was well visualized on the sagittal sectional images (Fig. 4) . The hippocampal body was most nicely visualized on the transverse and dorsal sectional images. It showed ovoid shaped mass in the lateral ventricle on the transverse sectional images. The lateral border of the hippocampal body was well delineated with respect to 2 other parts of the hippocampal formation because of the surrounding CSF in the lateral ventricle (Fig. 5) .
The hippocampal tail appeared as ovoid gray matter ventromedial to the lateral ventricle. And the ventral margin of the hippocampal tail was demarcated by the CSF in the third ventricle ventral to the fornix on the transverse sectional images. The hippocampal tail with its characteristic gray matter was visualized most readily on the sagittal sectional images. It showed ovoid shape and was pointed cranially.
The most cranial border of the hippocampal tail was delineated by the CSF in the dorsal horn of the lateral ventricle in the sagittal sectional images. The surface of the hippocampal tail was covered with alveus and it converged to the continuous white matter of fimbria (Fig. 6 ). Three-dimensional hippocampal structure and surrounding anatomy: The overall contour of the hippocampal formation was in a C-shape but its cranial and caudal ends run medially (Fig. 7) . The right and left halves of the hippocampal formation were divided into right and left cerebral hemispheres. They mirrored each other, as other cerebral structures. Hippocampal dorsal, middle and ventral part, which corresponds to tail, body and head respectively, were distinguishable. However, they merged into each other without distinct boundaries.
The 3D hippocampal formation showed how the boundaries relate to each other in different planes. The hippocampal head was observed caudal to the amygdala and dorsal to the parahippocampal gyrus. It lies virtually in transverse sectional images and continued to the hippocampal body caudodorsally. It was presented more cranially than the hippocampal tail (Fig. 8) .
The middle part, hippocampal body made the largest portion of the hippocampal formation. The hippocampal body was found more dorsolaterally with respect to the hippocampal head and caudolaterally with respect to the hippocampal tail. The majority of the body encircled the caudolateral part of the thalamus, while they were separated by the temporal horn of the lateral ventricle (Fig. 9) .
The hippocampal tail coursed caudally and curved medially to reach to the splenium of the corpus callosum. It showed dorsally convex arc bulging into the lateral ventricle forming the part of the medial wall of the lateral ventricle. It was located more caudal to the hippocampal head (Fig. 10) .
DISCUSSION
In the present study, composite images of the normal living canine hippocampal formation were created. From these 3D structures, the in vivo anatomy of the hippocampal formation and its 3D relationships with the adjacent deep brain structures could be described.
Delineating hippocampal sublayers can be difficult without knowledge of the sublayer anatomy and signal characteristics of each component [10, 22] . High-resolution MPRAGE provide better defined gray, white matter and CSF differentiation compared with conventional 2D sequence [15] . As a result, MPRAGE at 7T demonstrated the major sublayers of the hippocampal formation: the alveus, fimbria, CA, dentate gyrus, subiculum, and parahippocampal gyrus. This made it easier to depict the hippocampal subcomponents; dentate gyrus, CA, subiculum, parahippocampal gyrus, alveus and fimbria, which was not possible with a conventional 2D sequence. The layer with prominent gray matter signal is quite likely to be pyramidal cells in the CA, which is covered dorsally by the thin alveus showing white matter signal [19] . High-resolution MPRAGE allows 3D reconstruction due to near isotropy of the acquisition resolution. And it has capability to acquire very thin contiguous sections, minimizing problems with partial volume effects and intersection gaps that may lead to difficulty in visualization of small part particularly [15] . Thus, it was possible to acquire dorsal, transverse and sagittal images without any distortion making it possible tracing of the hippocampal formation on any planar images. Moreover, the increased signal to noise ratio, contrast and shorter image acquisition time make the 3D sequence a preferred source for the segmentation of the brain structures [15] . It also improves the visibility and detection of anatomical borders better than T1 weighted and T2 weighted of spin echo [3, 15, 19] . These advantages of MPRAGE sequence were taken to improve visualization and demarcation of the anatomical borders of the hippocampal formation. It was possible to detect the distinct borders between white matter and gray matter regions.
The canine hippocampal formation has been described as a horn shape. Its head, the most ventral part is lateroventrally convex and lie virtually in the transverse sectional planes. The hippocampal body has predominantly dorsoventral orientation, with its dorsal end more caudomedial than its ventral end and slightly lateral convexity. The hippocampal tail shows dorsally curving line rising above the corpus callosum and bulging into the lateral ventricle [21] . The gross shape of the 3D hippocampal formation was similar with the previous study. It had a "C" shaped contour and lateral convexity. The hippocampal head and tail run more medially than the hippocampal body. Bilateral hippocampal formation forms a commissure at the fornix, which is continuity of the fimbria, at the level of the splenium of the corpus callosum [1, 2] . However, in the present study, the fornix was not included when tracing, such that the bilateral hippocampal formation was divided into right and left cerebral hemispheres.
Very thin contiguous section of the MPRAGE minimizes spatial volume effect and interaction gaps [15] . As a result, it created a little errors and a contour closer to an actual hip- pocampal formation. However, the contour was not exactly same with the result of the previous report depicting the hippocampal formation from the dissected brain [21] . The deformed hippocampal formation in 3D structure did not have a tapered shape in the hippocampal tail. This disparity arises from technical differences in tracing the hippocampal formation on the MR images. In our study, the fornix was not taken into consideration and arbitrary lines were used to reconstruct hippocampal formation. It is likely that these methodological differences resulted in some difference between 3D structure using the MR image and histological morphology. The hippocampal structure has been observed in 2D images allowing access to a surface of the structure at a time [1, 2, 21] . With this composite image, the structure could be accessed through the whole surface by the software in any direction. Furthermore, the hippocampal surface anatomy superimposed on the MR images assisted understanding the relationship of the hippocampal formation with other internal structures and appreciating its orientation in the brain. The majority of protocols described manual tracing of hippocampal borders in human medicine [3, 5, 16, 19] . They usually used transverse sectional images and a few dorsal sectional images [3] . In the present study, all three orthogonal sectional images were used to depict anatomical boundaries of the hippocampal structure, while tracing was mainly performed in dorsal sectional images. It has been reported that the canine hippocampal formation has a similar position with respect to the sylvian fissure as in human; however, because the angle of the temporal lobe with respect to the remainder of the cerebrum differs, the canine hippocampal formation is oriented more vertical than that of human being [23] . This is supported by the fact that more slices were acquired in the dorsal sectional images in the canine hippocampal formation.
There are some limitations in this study. First, the sample size was not sufficient to demonstrate canine hippocampal formations from all breeds. Therefore, it is necessary to carry out a further study with larger sample from different breeds. Second, although the manual segmentation of brain structures for volume and shape analyses has provided actual volumes of structures, and allows more precise anatomical delineation of boundaries, it is time consuming and depends on experience with neuroanatomy [7, 9] . Therefore automated approaches will resolve these problems and facilitate analysis of data from larger scale studies [16] .
The composite images were used to emphasize characteristic of normal hippocampal anatomy and to demonstrate the structural relationship of the hippocampal formation to surrounding structures in vivo on MR images. This is the first study that creates a 3D canine hippocampal formation model. The 3D hippocampal structure superimposed on MR images assisted in visualizing hippocampal formation in the various directions and in comprehending hippocampal orientation. The 3D hippocampal structure may be used as training material for neuroanatomy. It also will assist in comprehending hippocampal change on MR images for clinical use. It can be useful for early detection of hippocampal abnormalities showing progressive change. This may be a useful reference for quantitative analysis of the hippocampal formation in future studies of canine neurodegenerative diseases. Above all, it makes a way for further studies on the 3D structure of canine whole brain structures.
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